One of the present major limitations of seedling production of kopyortype coconut using embryo culture is that only one seedling can be produced from a single embryo. Therefore, we report on the development of a new breakthrough technique for the production of double seedlings from a single embryo. The technique consists of four steps, viz. (i) germination; (ii) incision; (iii) splitting; and (iv) recovery. A histological study was carried out on the development of the halved embryo into a new shoot. The best recovery process was obtained when the incised embryo was split into two and recovered into Murashige and Skoog (MS) medium supplemented with 2 µM IBA and 15 µM kinetin. Following this protocol, an average of 56 shoots was successfully recovered from 30 zygotic embryos. The histological study also revealed that the meristem tissue of the halved embryo was able to produce a new meristem and primordial leaf. Most of the shoots then went on to produce normal seedlings and could be acclimatized successfully after having developed 2 or 3 leaves. This protocol is useful for routine seedling production of the kopyor-type coconut.
1

B Introduction
The coconut (Cocos nucifera L.) is a major Indonesian crop, grown on ca. 3 million ha and producing ca. 19.5 million tons of dehusked coconuts per annum [1] . However, about 96% of coconut farmers are smallholders cultivating less than 0.5 ha, which many of them do not own. As a consequence, the coconut growers are marginalized, having a per annum income amounting to less than US$ 600 [2] .
One of the possible approaches to reduce poverty among these coconut farmers is by planting a specific crop with a higher market value. Among Indonesia's best natural resources, the elite coconut mutant called kopyor is of paramount interest. This type of coconut has fruit with a tasty, jelly-like endosperm and is used in the production of flavorsome foods. The demand for this type of coconut is very high and becomes even higher during special seasons such as Ramadhan (fasting month) or Christmas and New Year. The price for kopyortype coconuts can reach up to 10 times the price of a normal nut, ca. 30-40 thousand IDR.
The potential of the kopyor-type coconut, however, still needs to be developed because it has a non-functional, jelly-like endosperm. Consequently, it cannot germinate. Most kopyor plantations originate from mutant seedlings that appear at random among normal coconuts through spontaneous mutation. The percentage of kopyor nuts produced at random is less than 30% [3] .
Since the embryo of the kopyor-type coconut can be rescued through tissue culture and nurtured to produce seedlings, this percentage can be increased up to 95% [4] . However, an embryo culture protocol for the seedling production of kopyor-type coconuts still needs to be developed, especially considering the low rate of conversion of plantlets established under in vitro conditions compared to ex vitro conditions [5] . Furthermore, embryo culture currently has a major limitation in that only one seedling can be produced from a single embryo.
Several techniques have been tried out to increase the number of seedlings produced from a single zygotic coconut embryo, e.g. somatic embryogenesis. However, the somatic embryogenesis protocols so far developed for coconuts are inconsistent and the success rate of seedling production has been very low and found to be highly variable between cultivars [6, 7] . As a consequence, no field-growing plants have ever been established. An easier approach to double coconut seedling production compared to somatic embryogenesis is using the embryo splitting technique [8] [9] [10] . However, the success rate during regeneration and acclimatization remains low [11] . The difficulty in applying the splitting technique to produce double seedlings is to find the right position for the cutting site. The shoot apical meristem of the zygotic embryo remains invisible until the embryo starts to germinate.
The present paper reports on a new technique for double seedling production of the kopyor-type coconut using embryo incision.
Materials and Methods
Plant Material
Zygotic embryos of dwarf kopyor-type coconuts were isolated from 11-monthold fruit from several coconut farmers in Purbalingga and Pati, Central Java, Indonesia. The Sisunandar method [12] for embryo isolation from the nut and surface sterilization of the embryos was applied with minor modifications. After cracking the nuts, the zygotic embryos ( Figure 1 (A)) with a small portion of endosperm were isolated from a specific region of the endosperm using a metal spoon. After washing with running tap water, the endosperm was quickly rinsed with 70% (v/v) ethanol. The zygotic embryos were then aseptically isolated from the endosperm in a laminar airflow cabinet, followed by surface sterilization for 15 mins using a 5% (w/v) calcium hypochlorite solution, followed by several rinses in sterile water.
Figure 1 (A)
Example of the nut of a kopyor-type coconut with abnormal endosperm (white, friable) and a zygotic embryo (red arrow); (B) embryos began germination after 4 weeks of culture and were ready to be incised up to halfway of the embryo; (C) incised embryos after 4 weeks of culture ready to be split into two shoots.
Embryo Incision Protocol
The surface-sterilized embryos were first germinated into hybrid embryo culture (HEC) medium as previously described in [13] and then incubated in the dark (27 ± 2°C) for 4 weeks until the plumule started to emerge (Figure 1(B) ). The germinated embryos were then incised up to halfway of the embryo, exactly in the center of the plumule. The incised embryos were further subcultured into new solid medium and kept in the dark for another 4 weeks before being split into halves (Figure 1(C) ). The germinated embryo halves were then subcultured into recovery medium. Two basal media were used for the recovery process, i.e. MS [14] and HEC. Each of the recovery media was supplemented with 2-4 µM of indole butyric acid (IBA) and 5-15 µM of 6-furfuril amino purine (kinetin). The cultures were maintained under a 14-hour photoperiod and the explant was subcultured into fresh medium once every 4 weeks for 4 months. After producing 2-3 leaves, the seedlings were then subjected to acclimatization for another 2 months before being planted in a nursery.
Histological Study
Histological procedures were carried out on embryos and incised embryos according to the Sass method [15] with minor modifications. Tissue samples were fixed in 70% ethanol for 48 h under negative pressure, followed by stepwise dehydration (each step 1 h) using 50, 70, 80, 90, 96 and 100% ethanol in water. After the ethanol was replaced with xylene and the samples were embedded in paraffin, they were cut into sections of 6 µm using a rotary microtome (Hestion ERM 4000, Germany). The sections were double-stained with safranin and fast green. Finally, the slices were visualized under an Olympus BX 61 microscope (Olympus Corporation, Tokyo, Japan) and photographed using an Olympus DP 72 camera.
Statistical Analysis
The number of halved embryo produced seedlings, the length of the shoots and the number of roots were counted from three replicated trials, each with 30 explants. The data sets were statistically analyzed for variance using ANOVA and the means were compared according to Fisher's Least Significant Difference (LSD) using the statistical software package Minitab (Release 15).
Results and Discussion
Embryo Incision
The number of embryos that produced two shoots (Figure 1(C) ) was very high during the preliminary experiment (95%; data not shown). The germinated embryos were incised to create two parts and recovered directly into the hybrid embryo culture medium [13] . However, only one of the shoots survived while the other one died after 8 weeks of culture (95%; data not shown) and finally only one seedling could be produced from a single zygotic embryo.
In order to answer the question whether double seedling production from a single zygotic embryo is possible, the two germinated embryo produced shoots were then separated. Each of the embryo halves was subcultured into two different basal media, MS and HEC medium supplemented with 2-4 µM IBA and 5-15 µM kinetin. MS basal medium was indeed found to influence the survival rate of the halved embryos (Figure 2(A) ). The number of halved embryo produced shoots was very high (56 shoots out of 30 zygotic embryos) when the embryos were subcultured into MS medium supplemented with 2 µM IBA and 15 µM kinetin. However, the number of shoots produced from halved embryos was low (ca. 30 shoots out of 30 zygotic embryos) when HEC medium was used in the recovery process. Moreover, the number of shoots remained steady even when the HEC medium was added with more IBA or kinetin (Figure 2(A) ). In contrast, the HEC medium induced shoots had more roots compared to the MS medium induced shoots (Figure 2(C) ). The shoots induced in HEC medium added with 4 µM IBA and 10 µM kinetin had more than 6 primary and secondary roots, while other combinations of medium produced less than 3 roots per shoot. This can be another advantage, because one of the major limitations of using embryo culture for kopyor seedling production is the low success rate of root induction [5, 8] . This medium then, may also be used for root induction in coconut embryo culture. The use of MS basal medium during the recovery process after incision and splitting showed that even though HEC medium is the most widely used medium for coconuts [4, [11] [12] [13] [16] [17] , MS basal medium showed the best results during the recovery process of the incised embryos. Major differences in macronutrient composition between MS and HEC are the most plausible explanation for this result [18] , as it is widely known that macronutrients such as nitrogen (in the form of NO 3 -and NH 4 + ) play an important role in both morphogenesis and growth.
During the first four weeks, the growth of the halved embryos was affected by browning in the wound tissue (Figures 3(A) and 3(B) ), but then became normal in the following 8 weeks in recovery medium (Figure 3(C) ). Almost all of the recovered shoots were then successfully acclimatized in a screen house over a 4-month period with an overall survival rate of more than 80% (Figure 3(D) ).
Histological Study
Histological analysis of the zygotic embryos showed that the meristem tissue was completely inside the embryo (Figure 4(A) ). This creates a slight possibility of producing two shoots from a single embryo by splitting the embryo at the right site. When the meristem tissue is split into two at the right site using the embryo incision technique, the meristem produces new primordial leaves and new active meristem tissue (Figure 4(B) ). This new tissue emerges from the edge of the cutting site (CT), followed by growing and recovering processes to produce a new shoot with new meristem tissue (NMR) and a new primordial leaf (NPL).
Previously proposed methods [8] [9] [10] have a low success rate because it is not possible to determine the right position of the cutting site from the outside. Germinating the embryos for about 4 weeks followed by incision can maximize the visibility of the cutting site. The results show that the success rate of double seedling production increased to more than 90% when the halved embryos were subcultured into MS medium supplemented with 2 µM IBA and 15 µM kinetin. 
Conclusion
Embryo incision can be applied to produce double seedlings of kopyor-type coconuts. The best protocol is to first incise the germinated embryos at the meristem site, followed by splitting the embryo into two after 4 weeks of culture and then recovering the embryos in Murashige and Skoog (MS) medium supplemented with 2 µM IBA and 15 µM kinetin.
